Introduction
============

The Cochlear Implant (CI) has become a very effective alternative in the treatment of patients with sensorineural severe to profound hearing loss who do not benefit from the use of conventional amplification. This electronic device is capable of performing the function of damaged or missing hair cells by transforming the sound energy into low level electrical current to directly stimulate the remaining auditory nerve fibers. [@BR0479-1] [@JR0479-2] However, only the adaptation of electronic devices does not guarantee a good prognosis. The hearing rehabilitation becomes essential in the process of development of listening skills and, among the proposed work, the aural rehabilitation approach would be the most appropriate one. It aims to help children learn to use their hearing residue for the development of the hearing function, thus facilitating the construction and the use of oral language, enabling the children to interact with their social environment. [@BR0479-3]

To analyze the behavior of the auditory pathways resulting from stimulation by CI, the recording of auditory evoked potentials (AEP) has been widely used. [@JR0479-4] [@JR0479-5] [@JR0479-6] [@JR0479-7] [@JR0479-8] [@JR0479-9] The long latency auditory evoked potentials (LLAEP), or cortical auditory evoked potentials (CAEP), are electrical responses from the peripheral and central auditory systems resulting from acoustic and electric stimuli, [@BR0479-10] and among the sound stimuli used are tone burst (TB) and speech.

Due to the plasticity of the central nervous system, with sensory deprivation, the adjacent regions are designated to perform new functions. With the restoration of hearing by the CI, there is a reorganization of the nervous structures, and the auditory cortex resumes its primary function, even after the previous redirection caused by sensory deprivation. [@JR0479-7] [@JR0479-8]

However, according to Sharma et al [@JR0479-11] , the plasticity is most evident in the first years of life, and it decreases with age. The P1 component of the CAEP has been considered a biomarker of the development of the central auditory system that shows reduced latency over the years. [@JR0479-12] [@JR0479-13] [@JR0479-14] The comparison between P1 latency in implanted children and their peers and normal hearing thresholds showed that the children submitted to the CI at 3.5 years of age can reach CAEP latencies appropriate for their age 6 months after the beginning of the stimulation.

After this optimum period, significant changes in relation to synaptic plasticity may occur, resulting in the abnormal connectivity of neuronal cells, functional disintegration, and the immaturity of auditory cortical areas, as well as the possibility of some areas not developing auditory functions, which leads to abnormalities of restructuring cognitive function. [@JR0479-15] In contrast, implanting the device within the sensitive period enables the cortical maturation to be more appropriate, resulting in the development of speech perception and oral language acquisition. [@JR0479-16] [@JR0479-17]

Cortical auditory evoked potentials stand out as a very important tool in the evaluation of patients undergoing CI, providing valuable information about the maturation and development of the central auditory system, allowing inferences about aspects related to proper adaptation and to the performance that the device may provide to each individual.

By making use of the CAEP, it is possible to objectively measure the development and plasticity of the central auditory system through the analysis of the changes in morphology and latency of the P1 component. Therefore, it is possible to observe the appropriate stimulation and the reestablishment of central auditory pathways [@JR0479-8] [@JR0479-18] [@BR0479-19] , as well as the effectiveness of the aural rehabilitation. [@JR0479-20]

Because of the lack of research on this theme in the dedicated literature, this study could provide important information about the central auditory system behavior caused by electrical stimulation from the CI, together with the aural rehabilitation. It is expected that there is a reduced latency and improvement of amplitude and morphology as the auditory pathways are adequately stimulated by the CI and the effective aural rehabilitation.

Thus, this study aimed to compare the parameters of latency and amplitude of the P1 component of the CAEP elicited by simple (TB) and complex (speech) stimuli in children with CI undergoing aural rehabilitation in a three-month interval.

Method
======

This is a longitudinal study, and it was approved by the Research Ethics Committee of the institution under the report number 1.093.827, and followed resolution nº 466/12 of the Brazilian National Health Council, in which participants agreed to their inclusion in the study by signing the free and informed consent form.

Casuistry
---------

The study included individuals from 5 to 10 years old with sensorineural severe to profound hearing loss. The participants were attending aural rehabilitation in the hearing rehabilitation clinic of the institution.

As inclusion criteria, participants of both genders should be CI users for at least 12 months and attend aural rehabilitation at the institution.

As exclusion criteria, participants who had syndromes, cognitive impairment or refused to sign the free and informed consent form were excluded from the study.

Thus, the sample consisted of 6 individuals, 3 female and 3 male, aged 5 to 10 years old, with a mean age of 6.7 years. The average age of the participants at the time of the CI activation was 3.3 years old.

Aural Rehabilitation
--------------------

The selected individuals were undergoing weekly aural rehabilitation at the institution. The frequency ranged from 1 to 2 sessions per week, and each session lasted 45 minutes.

The approach used was aural with activities for listening skills development (detection, discrimination, recognition and comprehension).

During the data collection period, the predicted number of therapeutic sessions was 24 for patients treated twice a week, and 12 sessions for patients treated once a week.

In order for the variable frequency in the aural rehabilitation to be considered in the analysis of the CAEP, the presence in therapy was computed as a percentage.

In [Table 1](#TB0479-1){ref-type="table"} , we can observe the sample characterization for sex, age, hearing impairment etiology, age at CI activation, CI usage time and frequency of aural rehabilitation.

###### Sample characterization

  Participant   Sex   Age (years)   Etiology of deafness   CI activation age (years)   Frequency in rehabilitation (%)
  ------------- ----- ------------- ---------------------- --------------------------- ---------------------------------
  1             M     5             Unknown                2.9                         33
  2             F     5             Unknown                2.10                        100
  3             M     6             Unknown                2.2                         100
  4             F     7             Unknown                4.3                         79
  5             F     7             Unknown                3.2                         75
  6             M     10            Unknown                4.6                         83
  Average       \-    6.7           \-                     3.3                         78.3

Abbreviations: CI, cochlear implant; F, female; M, male.

Cortical Auditory Evoked Potential (CAEP)
-----------------------------------------

The participants were submitted to CAEP at the beginning of the study and after three months of aural rehabilitation. Simple stimulus, TB, and complex stimulus speech (syllable /ba/) were used to elicit the responses. The research of the CAEP was held on the map in use by the individual at the time of the assessment and, in the case of patients with bimodal stimulation, removal of the contralateral hearing aid was requested.

The procedure was performed at the electrophysiology laboratory of the institution in an acoustically treated room to minimize interference during the registry of the responses. The equipment Smart EP (Intelligent Hearing Systems, Miami, FL, USA) was used, with two recording channels. Channel A aimed to record the auditory evoked potentials in the right ear, and channel B, in the left ear. For both records, the active electrode was placed in Cz, connected to the input (+) of the preamplifier. The reference electrode was placed on the earlobe contralateral to the CI (A1/A2) and connected to the input (-). The ground electrode was positioned in Fpz and connected to the ground input of the preamplifier.

To record the responses, the electrodes were placed with Ten 20 (Weaver and Company, Aurora, CO, USA) conductive paste for the electroencephalogram (EEG), after proper skin preparation with Nuprep (Weaver and Company, Aurora, CO, USA) abrasive paste for the EEG/ECG to eliminate waste. The impedance was maintained between 1 and 3 kohms for the electrodes.

The stimuli were presented in free field, calibrated in dB HL (hearing level), with the loud speaker positioned at an angle of 90 azimuth and 40 cm away from the implanted ear side. The children remained alert, sitting comfortably in a reclining chair, and they were told to watch a silent video on a tablet during the procedure.

To obtain the CAEP with TB, the frequency of 1,000 Hz was used, and to obtain the CAEP with speech stimuli, the syllable /ba/ was used, [@JR0479-12] with interstimulus intervals of 500 ms. As input parameters, alternating polarity was used with bandpass filter from 1 to 30 Hz, gain of 100,000 with a stimulation rate of 1.9 stimuli per second, and the response analysis window ranged from 100 ms pre-stimulus to 500 ms post-stimulus. Two promediations of 150 stimuli were presented at the intensity of 70 dB HL to confirm the reproducibility of the response.

To analyze the results, the P1 component was identified considering the first positive peak of greater amplitude found in the registry. [@JR0479-11] [@JR0479-21] The latency and amplitude values of P1 were analyzed and compared considering the type of stimulus and the two moments of evaluation.

Data were arranged in Microsoft Excel spreadsheets for statistical analysis with the support of an expert professional in the area. The Pearson correlation coefficient was calculated, and the significance level for all hypothesis tests was of 0.05 (5%). The confidence intervals were built with 95% of statistical confidence.

Results
=======

[Table 2](#TB0479-2){ref-type="table"} shows the behavior of the variable P1 latency (ms) of the CAEP elicited by simple TB and complex speech stimuli of the participants in the two evaluations performed.

###### Descriptive statistics for the variable P1 latency (ms) with TB and speech stimuli in each evaluation

  CAEP          Evaluation          n   Average   SD      Minimum   Median   Maximum   *p* -value
  ------------- ------------------- --- --------- ------- --------- -------- --------- ------------
  TB            1 ^st^ evaluation   6   113.7     25.50   92        107.0    162       0.023\*
                2 ^nd^ evaluation   6   100.7     22.73   82        92.5     143       
  Speech        1 ^st^ evaluation   6   120.3     15.47   104       116.5    150       0.023\*
                2 ^nd^ evaluation   6   105.5     14.84   84        108.5    122       
  TB x Speech                                                                          0.658

Abbreviations: CAEP, cortical auditory evoked potentials; n, number of individuals; SD, standard deviation; TB, tone burst.

Note: \* *p* -value statistically significant.

The average behavior of the variable P1 latency in the two evaluations was the same for both groups, as shown in [Table 2](#TB0479-2){ref-type="table"} . There was no evidence of difference between the average of the the variable P1 latency comparing the two types of stimuli used in the CAEP, with no significant *p* -value (0.658).

However, it was observed that the average of latencies in the second evaluation for the two types of stimuli was considerably lower than in the first evaluation, showing a statistically significant difference ( *p*  = 0.023) for both TB and speech ( [Table 2](#TB0479-2){ref-type="table"} ).

Regarding the amplitude of the P1 component of the CAEP, [Table 3](#TB0479-3){ref-type="table"} shows the behavior of the variable P1 amplitude (µv) in the CAEP elicited by the simple stimulus, TB, and the complex stimulus, speech, in each evaluation performed.

###### Descriptive statistics for the variable P1 (µv) amplitude with TB and speech stimuli in each evaluation

  CAEP          Evaluation          n   Average   SD     Minimum   Median   Maximum   *p* -value
  ------------- ------------------- --- --------- ------ --------- -------- --------- ------------
  TB            1 ^st^ evaluation   6   5.4       2.09   2.56      5.30     8.25      0.423
                2 ^nd^ evaluation   6   6.5       3.39   3.57      5.17     12.27     
  Speech        1 ^st^ evaluation   6   6.2       4.71   2.09      4.09     13.42     0.423
                2 ^nd^ evaluation   6   5.7       3.96   2.38      3.83     12.10     
  TB x Speech   0.981                                                                 

Abbreviations: CAEP, cortical auditory evoked potentials; n, number of individuals; SD, standard deviation; TB, tone burst.

An opposite behavior of the variable P1 amplitude according to each stimulus was observed. With the use of the TB stimulus, there was an increase in the amplitude of the P1 component in the second evaluation in relation to the first; however, with the use of the speech stimulus, there was a decrease in the amplitude of P1 when comparing both evaluations. Nonetheless, there was no evidence of a significant difference between the average of the variable P1 amplitude considering the two types of stimuli ( *p*  = 0.981) and the two evaluations ( *p*  = 0.423).

[Table 4](#TB0479-4){ref-type="table"} shows the values of the Pearson correlation coefficient between the variables P1 latency versus TB (ms), P1 latency versus speech (ms), P1 amplitude versus TB (µv), P1 amplitude versus speech (µv), and the variable frequency in the aural rehabilitation.

###### Values of Pearson correlation coefficient associated to the test of non-linear association hypothesis between each variable and frequency in rehabilitation

  Variables                                                Pearson correlation coefficient   *p* -value
  -------------------------------------------------------- --------------------------------- ------------
  Latency P1 TB (ms) x frequency in rehabilitation         0.667                             0.148
  Latency P1 Speech (ms) x frequency in rehabilitation     -0.029                            0.957
  Amplitude P1 TB (µv) x frequency in rehabilitation       0.406                             0.425
  Amplitude P1 Speech (µv) x frequency in rehabilitation   -0.029                            0.957

[Table 4](#TB0479-4){ref-type="table"} also shows the *p* -values associated with the test in which the correlation linear coefficient of population is zero. In none of the four variables there was evidence of a linear association with the variable frequency in the aural rehabilitation ( *p*  ≥ 0.148). It is worth highlighting, however, that the value of the Pearson correlation coefficient among the variables P1 latency with TB (ms) and frequency in aural rehabilitation was equal to 0.667, showing an increased linear association. In other words, the higher the number of absences, the higher the value of P1 latency with TB. However, this association was not considered significant ( *p*  = 0.148), most likely due to the small sample size.

Discussion
==========

This study aimed to verify the influence of aural rehabilitation in the parameters of latency and amplitude of the P1 component of the CAEP elicited by simple stimulus (TB) and complex stimulus (speech) in children with CIs attending aural rehabilitation at the institution.

The results found in the study were discussed and compared with the specialized literature. Due to the lack of a control group, the findings were analyzed according to studies that proposed normal standards for the latency and amplitude of the CAEP P1 component, in addition to providing data on the maturity of this component, which made it possible to differentiate the maturation effects from the stimulation effects provided by the aural rehabilitation in the children selected for this study.

[Table 1](#TB0479-1){ref-type="table"} shows the characteristics and specifications of each participant. According to Sharma et al (2002), [@JR0479-11] the plasticity of the central nervous system is most evident in the first years of life, and it decreases with age. The development of the central auditory pathways occurs gradually and linearly, and the maturational process is complete around the second decade of life, from 15 to 20 years old. [@JR0479-13] [@JR0479-14] [@JR0479-22] The age group of this study ranged from 5 to 10 years old; therefore, in this period, the maturation is still occurring.

However, according to Sharma et al (1997), [@JR0479-13] the ideal period for intervention in children with congenital hearing loss is up to 3.5 years old, because implanting the CI within this sensitive period allows more appropriate cortical maturation, resulting in the development of speech perception and oral language acquisition. [@JR0479-16] [@JR0479-17]

The same authors also affirmed that children implanted between 3.5 and 7 years old showed very different cortical responses and P1 latencies from those shown by children who were implanted after 7 years old, who remained late even after years of stimulation. It can be seen in [Table 1](#TB0479-1){ref-type="table"} that the average age of activation of the patients in this study was 3.3 years old; however, two participants (4 and 6 years old) implanted the CI after that ideal period, at 4.3 and 4.6 years old respectively.

Although both had exceeded the optimal period for intervention, the capture of the CAEP was quite different for the two participants, confirming variable results in children between 3.5 and 7 years old. The evaluation of the participant who was implanted at 4 years old was much faster, around 30 minutes, showing responses with great morphology and large amplitude of the P1 component. The participant who was implanted at 6, however, took twice as long to capture responses with better morphology, that is, responses that make it possible to clearly identify the P1 component of the CAEP.

Some authors [@JR0479-12] [@JR0479-13] [@JR0479-14] [@JR0479-18] [@JR0479-23] [@JR0479-24] [@JR0479-25] elected the use of CAEP, mainly the P1 component, as the central auditory system maturation biomarker over the years, since several studies showed a reduction in the P1 latency according to age increase. [@JR0479-12] [@JR0479-13] [@JR0479-23] [@JR0479-25]

In a study by Sharma et al (1997), [@JR0479-13] the P1 component in adults was less robust than in children, with latency around 50 ms. In contrast, in children, the P1 latency had a more robust peak, around 100 ms, with an average of 87 ms at 6 years old, reaching 74 ms at 10 years old.

Ponton et al (2000) [@JR0479-25] also found similar latency values for the component P1. At the age of 6, latency values were on average 85 ms, reducing to 64 ms at 10 years old. The latency values decreased following a more gradual pattern, while more abrupt decreases were observed in relation to the amplitude of the P1 component.

The study by Ventura et al (2009) [@JR0479-26] also aimed to characterize the maturation of the central auditory system in children with normal hearing thresholds. With age increase, there was an improvement in the morphology and a decrease in the values of latency and amplitude of the P1 component. Still, in relation to latency values, there was a statistically significant association between age and the P1 component, with an expected decrease in the latency value of 1.6 ms per year.

In this study, despite shorter latencies for the simple stimulus (TB), the average behavior of the variable P1 latency in the two evaluations was the same for both the CAEP elicited by TB and by speech, as noted in [Table 2](#TB0479-2){ref-type="table"} . Thus, there was no statistically significant difference between the stimuli, that is to say, independently of the eliciting stimulus, the variable P1 latency showed the same behavior pattern, with latency reduction in the second evaluation.

Regarding the values of the variable P1 latency, also in [Table 2](#TB0479-2){ref-type="table"} , for the CAEP with TB, the latency average of the P1 component was of 113.7 ms in the first evaluation, and of 100.7 ms in the second evaluation, while for the speech stimulus, the latency average of P1 proved to be increased, with an average of 120.3 ms and 105.5 ms respectively. Thus, when comparing the P1 component latencies between the two evaluations with each eliciting stimulus alone, there was a statistically significant difference, with the variable P1 latency significantly lower in the second evaluation for both TB stimulus and for speech, with an average reduction of 13 ms and 14.8 ms respectively ( [Table 2](#TB0479-2){ref-type="table"} ).

According to the obtained values, the differences between the two evaluations could not be justified only by maturation, as evidences from national and international studies show, [@JR0479-13] [@JR0479-25] [@JR0479-26] demonstrating that the aural rehabilitation performed in the interval during the evaluations provided considerable changes in the P1 component of the CAEP, objectively reflecting in the neural plasticity. As observed before, according to the study by Ventura et al [@JR0479-26] , a reduction of 1.6 ms per year can be expected for the P1 latency value; however, in this study, there was a change about ten times higher than expected from the natural maturation referred in the study by Ventura et al. [@JR0479-26] Therefore, we must consider the possibility that this reduction in latency may have been promoted as a result of the aural rehabilitation stimulation, plus the incidental use of hearing and language. However, to confirm this statement, further studies with larger samples and a control group are necessary.

In relation to the amplitude of the P1 component of the CAEP, the authors [@JR0479-13] [@JR0479-25] [@JR0479-26] also showed a decrease over the years, as the central auditory pathways age. According to the study by Ventura et al [@JR0479-26] , there was a reduction of 0.02 mV per year in the amplitude values of the P1 component.

In this study, the average of the variable P1 amplitude in the two evaluations was different, as shown in [Table 3](#TB0479-3){ref-type="table"} . There was an increase of variable P1 amplitude in the second evaluation of the CAEP TB, and a decrease in the variable P1 amplitude in the second evaluation of the CAEP speech.

However, there was no statistically significant difference in the amplitude of the variable P1 when comparing the results of the stimuli used in the CAEP in two evaluations ( [Table 3](#TB0479-3){ref-type="table"} ). Thus, for TB, the behavior of variable amplitude did not corroborate the findings of these studies, and the same was observed for the speech stimuli. However, despite these concordant and discordant results in the literature, the comparison between the two stimuli showed no difference.

There was a large inter-subject variation in the responses of the CAEPs, leading to the conclusion that the clinical application of CAEP is most effective when the individual is compared with himself, in other words, the individual as his control.

Although the literature suggests an ideal period for intervention in congenital deaf children, the CI alone does not guarantee a satisfactory outcome; other factors, such as family involvement in the intervention process, contribute to the proper development of hearing and language skills.

Thabet and Said [@JR0479-20] observed in their study that an effective aural rehabilitation caused changes in the CAEP. The P1 component presented with significantly earlier latencies in individuals with adequate aural rehabilitation. Thus, the component P1 can be regarded as a clinical tool to guide the choice of the intervention and its effectiveness, monitoring the results of aural rehabilitation. Moreover, it can be used for counseling the families of deaf children whose attendance in the aural rehabilitation program is inadequate.

A similar result occurred in the present study. Although it showed no correlation between the variables latency and amplitude of the P1 component and frequency in the aural rehabilitation ( [Table 4](#TB0479-4){ref-type="table"} ), it found that there was a positive linear association for P1 latency with TB stimulus, that is, it was observed that the lower the attendance, the greater the value of the P1 latency with TB.

In face of the evidence found, the aural rehabilitation is an essential component to support the proper development of hearing and language skills. Family participation also becomes very important in the evolution process, as it is essential to bring to the child\'s daily life what was trained in rehabilitation, to talk about the achievements and difficulties, and to collaborate in the development of effective communication for the success of the process intervention. [@JR0479-27] [@BR0479-28]

Despite the CAEP being a type of procedure that requires more time to be performed, when properly registered in ideal conditions, it is a very efficient tool to monitor the behavior of the central auditory pathways in response to stimuli from the electronic devices and aural rehabilitation.

It is true that the performance of electrophysiological tests in children demands more time to suit the conditions of evaluation due to behavioral issues; however, the use of silent video in a tablet proved to be very effective to help controlling these individuals during the procedure, making it possible to add another important data to the study of hearing impaired subjects.

The topic discussed is still scarce; therefore, further studies with a larger sample and a longer longitudinal follow-up, including a control group of children with normal hearing thresholds and different therapeutic strategies can considerably contribute to provide important information regarding the maturation and the influence of stimulation through the CI and the effective aural rehabilitation in the CAEP of hearing impaired individuals.

Conclusion
==========

According to the analysis of the results, a decrease in latency of the P1 component of the CAEP elicited by both simple stimulus (TB) and complex stimulus (speech) was observed within a three-month interval in children with CI undergoing aural rehabilitation.
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